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PVC-211 murine leukemia virus (MuLV) is a neuropathogenic variant of Friend MuLV (F-MuLV) that causes a rapidly
progressive neurodegenerative disease in susceptible rodents. PVC-211 MuLV, but not the parental F-MuLV, can infect rat
brain capillary endothelial cells (BCEC) efficiently, and the major determinant for BCEC tropism of PVC-211 MuLV is localized
within the XbaI–BamHI fragment of the viral genome containing the 5* half of the env gene. To further dissect the XbaI–
BamHI region for its effects on BCEC tropism, we constructed recombinant viruses between PVC-211 MuLV and F-MuLV
and tested their infectivity on a cell line established from rat BCEC. Our results indicated that Glu116-to-Gly and Glu129-to-
Lys substitutions in the background of the F-MuLV envelope SU protein were sufficient for conferring BCEC tropism on the
virus. Interference studies of these viruses on Rat-1 fibroblastic cells showed that the structure of the SU protein encoded
by the XbaI–BamHI region also has significant effects on their affinity for the rat ecotropic MuLV receptor. These results
support the possibility that structural elements I and II of the SU protein are important determinants for virus–receptor
interaction. q 1996 Academic Press, Inc.
INTRODUCTION 1991), it is possible that the distinct cellular tropism of
these viruses is determined at the level of virus–receptor
PVC-211 murine leukemia virus (MuLV) is a neuropa-
interaction.
thogenic variant of Friend MuLV (F-MuLV) which causes
To further dissect the XbaI–BamHI region of the virusrapidly progressive neurodegenerative disease in sus-
for its effects on BCEC tropism and virus–receptor inter-ceptible rats and mice (Hoffman et al., 1992; Kai and
actions, we constructed recombinant viruses by introduc-Furuta, 1984). Although the structures of these viruses
ing a subfragment of this region of PVC-211 MuLV intoare highly similar to each other (Masuda et al., 1992;
the context of the F-MuLV env gene and then tested theirRemington et al., 1992), we previously demonstrated that
BCEC tropism and interference properties in vitro. ForPVC-211 MuLV, but not F-MuLV, can infect rat brain capil-
evaluation of their BCEC tropism, we used a cell line,lary endothelial cells (BCEC) efficiently in vivo (Hoffman
RTEC-6, which we established from a primary culture ofet al., 1992) and in vitro (Masuda et al., 1993). We also
Fischer (F344) rat BCEC. Our results indicate that substi-demonstrated a clear correlation between BCEC tropism
tution of the 138-bp-long AflII– AgeI region of the F-MuLVof the virus and its neuropathogenicity (Masuda et al.,
env gene by the corresponding region of PVC-211 MuLV1993). The major determinant for BCEC tropism of PVC-
is sufficient for conferring BCEC tropism on the virus.211 MuLV is localized within the 916-bp-long XbaI –
Replacement of this region results in substitution of twoBamHI region of the viral genome corresponding to the
amino acids in the N-terminal half of the SU protein: F-3 * terminus of the pol gene and the 5* half of the SU
MuLV has glutamine (Glu) residues at positions 116 andprotein-coding region of the env gene (Masuda et al.,
129, while PVC-211 MuLV has glycine (Gly) and lysine1993). Thus, PVC-211 MuLV and F-MuLV, both of which
(Lys) at these positions, respectively. These amino acidare classified as ecotropic MuLVs, exhibit distinct differ-
residues are localized within, or adjacent to, structuralences in tropism for BCEC due to a limited number of
element II of the SU protein (Linder et al., 1994). Substitu-genetic changes. Since the XbaI–BamHI region includes
tion of only one of these amino acids did not lead to athe coding sequence of the receptor-binding domain of
comparable level of infectivity on RTEC-6 cells, sug-the SU protein (Battini et al., 1995; Heard and Danos,
gesting that a combination of these changes is important
for BCEC tropism. Interference studies of the viruses car-1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (301) 846-6164. E-mail: Masuda@fcrfv1.ncifcrf.gov. ried out by using Rat-1 fibroblastic cells showed that
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these two amino acid substitutions as well as subtle EcoRI site–3 *). For construction of additional recombi-
nant viruses, the SalI site in the polylinker sequence andchanges in the structural element I of the SU protein
could affect the affinity of the virus for the receptor. The the ClaI site at the 3 * end of the viral env gene were
conveniently used. For example, PVF-e1 was constructedresults indicate that structural elements I and II of the
SU protein could affect virus–receptor interaction signifi- by ligating the ClaI–SalI and the SalI–BglI fragments of
the PVF-L plasmid and the BglI–ClaI fragment of the PVF-cantly and control cellular tropism and interference prop-
erties of the virus. N plasmid. PVF-e2 was constructed by ligating the ClaI–
SalI and the BglI–ClaI fragments of PVF-L and the SalI–
BglI fragment of PVF-N. For construction of PVF-e3, theMATERIALS AND METHODS
ClaI–SalI, the AflII– BamHI, and the BamHI–ClaI frag-
Cells ments from PVF-N and the SalI–AflII fragment of PVF-e2
were ligated. PVF-e4 was derived by ligating the ClaI–NIH 3T3, XC, and Rat-1 cells were grown in Dulbecco’s
SalI and the SalI–AflII fragments of PVF-N, and the AflII–modified Eagle’s medium supplemented with 10% fetal
BamHI and the BamHI–ClaI fragments of PVF-L. Ligationcalf serum (FCS). A primary culture of rat BCEC was
of the ClaI–SalI and the AgeI–ClaI fragments of PVF-Nprepared as described previously (Hoffman et al., 1992)
and the SalI–AgeI fragment of PVF-e4 generated PVF-and grown in minimum essential medium (MEM) with D-
e5. Finally, PVF-e6 was constructed by combining thevaline (Life Technologies, Inc., Gaithersburg, MD) sup-
ClaI–SalI and the SalI–AgeI fragments of PVF-N andplemented with 20% FCS, 2 mM L-glutamine, 50 U/ml of
the AgeI–ClaI fragment of PVF-e2. The structures of thepenicillin, 50 mg/ml of streptomycin, 1/100 volume of
chimeric viruses were confirmed by digesting the plas-MEM nonessential amino acids solution (Life Technolog-
mid DNAs with diagnostic restriction enzymes, such asies, Inc., Gaithersburg, MD), 1/100 volume of MEM vita-
SspI, TaqI, and MunI, that have a recognition site withinmin solution (Life Technologies, Inc., Gaithersburg, MD).
the XbaI–BglI, the AflII– AgeI, and the AgeI–BamHI re-To support the growth of BCEC, 20 mg/ml of endothelial
gions of PVC-211 MuLV, respectively, but not F-MuLV.cell mitogen (Biomedical Technologies, Inc., Stoughton,
BsgI, whose recognition site is found in the BglI–AflIIMA) and 16 U/ml of heparin was also added. A cloned
region of F-MuLV, but not PVC-211 MuLV, was also usedcell line, RTEC-6, was established from a primary culture
for restriction analysis. PVF-7-1 was constructed byof rat BCEC by the following procedure. A primary culture
primer-directed mutagenesis (Carvalho and Derse,of BCEC was prepared from the brain of 21-day-old F344
1991). The 5* half and the 3 * half of the BalI–BamHI envrats and passed by 10-fold dilution once a week. At pas-
gene sequence were amplified separately by 25 cyclessage 7, the cells were kept in a CO2 incubator for 34
of polymerase chain reaction (PCR) at 947 for 1 min, 557days without a medium change. Then, cells were treated
for 1 min, and 727 for 4 min by using the cloned DNAwith trypsin and split into two culture dishes. Most of
of F-MuLV (clone 57) as a template. Primers used forthe cells were dead at this passage. However, about 10
amplifying the 5* half of the region were 5*-TCTGTGGAC-clones of cells survived and formed colonies, which were
TTGGTGGCCAG-3 *, which contains the BalI recognitionisolated by using a polystyrene cylinder. Finally, 7 clones
sequence (underlined), and 5*-AAAATCCCCCACTTG-(RTEC-1, -2, -3, -5, -6, -8, and -9) of cells were obtained.
ATTTATGAGT-3 *, which has a point mutation (under-Among these clones, RTEC-6 was further characterized
lined) at the position corresponding to nucleotide 6226for capillary endothelial cell-specific markers, such as
of the F-MuLV genome (GenBank Accession No. X02794).factor VIII expression and Ricinus communis agglutinin
Primers used for amplifying the 3 * half of the region were(RCA-1) binding, as described previously (Hoffman et al.,
5*-TGAGTCGGATCCCGAAAGTA-3 *, which contains the1992), and found to be positive for these markers. RTEC-
BamHI recognition sequence (underlined), and 5*-ATC-6 cells were grown in the same medium as primary BCEC
AAGTGGGGGATTTTATGTCTGC-3 *, with a point muta-cultures.
tion (underlined) also at the position corresponding to
nucleotide 6226 of F-MuLV. Then, the two amplified frag-Viruses
ments were mixed, and the mutated BalI–BamHI frag-
ment was amplified by another round of PCR (one cycleMolecular clones of PVC-211 MuLV (clone 3d), F-MuLV
(clone 57), PVF-L, and PVF-N were described previously at 947 for 1 min, 377 for 5 min, and 727 for 5 min followed
by 25 cycles at 947 for 1 min, 557 for 1 min, and 727 for(Masuda et al., 1992, 1993; Oliff et al., 1980). Each viral
DNA is cloned in pUC19 in a permuted form at its EcoRI 4 min) by using the pair of primers containing the BalI
or the BamHI sequence described above. The amplifiedsite within the pol gene. The orientation of the viral DNA
relative to the pUC19 sequence is the same for all of fragment was cloned in the SmaI-digested pGEM-7Zf(/)
and its nucleotide sequence was determined by a Taqthese clones; i.e., the polylinker sequence is localized
in the 5* upstream of the permuted viral DNA (5*–poly- dye primer cycle sequencing system and a DNA se-
quencer (373A; Applied Biosystems, Inc., Foster City, CA).linker sequence–EcoRI site–Dpol–env–LTR–gag–Dpol–
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A clone containing the expected mutation was used to min each at 657 and then exposed to a Kodak X-OMAT
film overnight at 0807.prepare the BalI– BamHI fragment, which was ligated
with the BamHI– ClaI, the ClaI–SalI, and the SalI–BalI
Statistical analysisfragments of the PVF-N plasmid to construct PVF-7-1.
The structure of PVF-7-1 was confirmed by sequencing Statistical methods, such as analysis of variance, and
the BalI–BamHI region of the clone in addition to the correlation and regression analysis, and Scheffe’s
restriction analysis. PVF-1-15 was constructed by the method of post hoc coparisons were used in this study
same method except that 5*-CTTGGCTTTCCGGGGGCG- (Scheffe, 1959; Winer et al., 1991). Typically, virus titer
ATGTGAC-3 * and 5*-GCCCCCGGAAAGCCAAGTCCT- data were transformed to the common logarithms to sat-
GTGG-3 * were used for the 5* and the 3 * fragment ampli- isfy homogeneity of variance requirements. The strategy
fications, respectively, to introduce a point mutation at underlying the Scheffe approach used here is that the
position 6264 of F-MuLV (underlined). Viruses were pre- set of ranked treatment means is divided into subsets
pared as described previously (Masuda et al., 1992) by that are consistent with the hypothesis of no significant
transfecting NIH 3T3 cells with the cloned viral DNA, and differences at a  0.05.
their titers were determined by the XC cell fusion assay
(Rowe et al., 1970). RESULTS
Construction of recombinant viruses
Virus infection
In our previous study, we showed that the chimeric
Target cells were seeded at 105 cells per 60-mm dish virus PVF-L, which bears the KpnI–EcoRI region and the
on Day 1. On Day 2, the medium was removed, and virus XbaI–BamHI region of PVC-211 MuLV in the background
was inoculated in fresh medium containing polybrene of F-MuLV, infected cultured BCEC efficiently, while an-
(5 mg/ml). On Day 3, medium containing the virus and other chimera PVF-N, which has the same structure as
polybrene was replaced by fresh medium without poly- PVF-L except for the XbaI–BamHI region derived from F-
brene. For G418 selection, cells were fed with medium MuLV, did not (Masuda et al., 1993). To further dissect
containing G418 (400 mg/ml) on Day 3. the XbaI–BamHI region for its function, we constructed
a series of additional recombinant viruses shown in Fig.
Preparation of N2 virus pseudotyped with MuLVs 1. Chimeric viruses PVF-e1 through -e6 were derived
from the molecular clones of PVF-L and PVF-N, and theyNIH 3T3 cells were transfected with the cloned DNA
are identical to each other except for the structure withinof a Moloney MuLV-based retroviral vector, N2, bearing
the XbaI–BamHI region. Like their parental chimeras,the neomycin-resistance (neor) gene (Eglitis et al., 1985)
they retain the KpnI–EcoRI region derived from PVC-211by the calcium phosphate method (Andersson et al.,
MuLV which contains a supplementary determinant that1979; Graham and van der Eb, 1973) by using a Cell
enhances BCEC tropism and neuropathogenicity (Ma-Phect transfection kit (Pharmacia LKB Biotechnology AB,
suda et al., 1993).Uppsala, Sweden). After growing the transfected cells in
The structures of the viruses used in this study are alsothe presence of G418 (400 mg/ml), a G418-resistant
described in Table 1 in relation to the primary structure of(G418r) clone, 3T3/N2-1, was isolated. The 3T3/N2-1 cells
the proteins encoded by the XbaI–BamHI region. Differ-were infected with various helper viruses at a multiplicity
ences in the nucleotide sequences of PVC-211 MuLVof infection of 0.1. After the cells were passed twice, 24-
and F-MuLV within the XbaI–BamHI region result in sub-hr culture fluids were collected from the confluent cells,
stitution of 2 amino acids in the C terminus of integrase,filtered, and stored at 0807.
1 amino acid in the signal peptide of the env gene prod-
uct, and 12 amino acids in the N-terminal half of the SU
DNA analysis
protein. Since PVF-e5, which was found to be BCEC-
tropic (see below), contained 2 amino acids derived fromHybridization analysis of integrated proviral DNA was
PVC-211 MuLV in the context of the F-MuLV SU protein,performed as described previously (Masuda et al., 1993).
we also constructed two point mutant viruses, PVF-7-1Briefly, 10 mg of high-molecular-weight DNA extracted
and PVF-1-15, each of which had only 1 of these 2 aminofrom the mock-infected and virus-infected cells was di-
acid substitutions (Fig. 1 and Table 1).gested with BamHI, subjected to an agarose gel electro-
phoresis, transferred to a nylon membrane, and hybrid-
Varying degree of BCEC tropism of recombinantized with a 32P-labeled probe. The probe was an equimo-
viruses shown by hybridization analysis of integratedlar mixture of the 0.83-kb BamHI– BamHI env gene
proviral DNA in RTEC-6 cellsfragment of PVC-211 MuLV (clone 3d) and F-MuLV (clone
57). After hybridization, the membrane was rinsed twice In our previous study, we showed that PVC-211 MuLV,
but not F-MuLV, was able to infect a primary culture ofin a solution containing 11 SSC and 0.1% SDS for 30
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clear hybridization signals for proviral integration in
RTEC-6 cells. PVF-e5 appeared to exhibit an even higher
level of proviral integration than PVC-211 MuLV. On the
other hand, chimeras PVF-e1, -e3, and -e6, which contain
the AflII– AgeI region of the env gene of F-MuLV, showed
undetectable or very low levels of integration. A strong
signal corresponding to integrated provirus was not de-
tected for mutant virus PVF-7-1 in RTEC-6 cells, although
after a longer exposure a weak signal was obtained (data
not shown). Proviral integration of another mutant virus,
PVF-1-15, in RTEC-6 cells was not detected even after a
longer exposure. All of the viruses tested showed compa-
rable levels of proviral integration in Rat-1 cells (Fig. 2,
bottom).
Analysis of BCEC tropism of recombinant viruses by
the N2 vector transduction assay on RTEC-6 cells
Viruses shown in Fig. 1 were used to rescue the neor
gene-containing N2 retroviral vector, and their G418r col-
ony-forming titer was measured on NIH 3T3 and Rat-1
fibroblasts as well as RTEC-6 rat BCEC (Fig. 3). Titers of
all the viruses on NIH 3T3 cells (1.9 1 105 –4.2 1 105
G418r CFU/ml) varied approximately within a log of each
other. No significant differences among helper viruses
in their vector transduction efficiency were observed on
NIH 3T3 cells (P  0.069). Scheffe’s method of post hoc
comparisons also revealed no significant differences
among their titers on NIH 3T3 cells. Mean titers of the
viruses on Rat-1 cells also varied approximately withinFIG. 1. Structure of recombinant viruses. Genomic organizations of
PVC-211 MuLV and F-MuLV (clone 57) including the positions of the a log of each other (3.6 1 104 –1.7 1 105 G418r CFU/ml).
gag, the pol, and the env genes and the LTR are shown at the top. A Although a few statistically significant differences were
backbone structure of recombinant viruses is shown in the middle
observed among mean titers of tested viruses on Rat-1with open and solid regions derived from PVC-211 MuLV and F-MuLV,
cells (P  0.0008), Scheffe’s method indicated that theyrespectively. The XbaI–BamHI region, whose structure differs from vi-
were based on a difference between PVF-e2 whichrus to virus, is shaded. Recombinant viruses are represented by the
structure of their XbaI– BamHI region with open and solid boxes derived showed the highest titer on Rat-1 cells and PVF-e6 which
from PVC-211 MuLV and F-MuLV, respectively. Positions of point muta- gave the lowest titer. The G418r colony-forming titers on
tions in PVF-7-1 and 1-15 are indicated by solid lines. Restriction en-
RTEC-6 cells were generally lower than those on fibro-zyme sites used for recombinant virus construction are shown: Af, AflII;
blastic cells and varied significantly from 0.5 to 1300Ag, AgeI; B, BamHI; Bg, BglI; E, EcoRI; K, KpnI; X, XbaI. Recognition
G418r CFU/ml (P ! 0.0001). PVC-211 MuLV is signifi-sites of the diagnostic restriction enzymes used for structural analysis
of the recombinants are also shown: Bs, BsgI; M, MunI; S, SspI; T, cantly more infectious than F-MuLV on RTEC-6 cells (P
TaqI.  0.015 by post hoc t test). PVF-L showed a relatively
high mean titer comparable to that of PVC-211 MuLV (P
 0.088) whereas PVF-N did not (P  0.0063). Scheffe’srat BCEC efficiently by comparing the levels of integrated
proviral DNA (Masuda et al., 1993). In this study, we method indicated that chimeras PVF-e2, -e4, and -e5
could be grouped with PVC-211 MuLV and PVF-L in thetested the BCEC tropism of the recombinant viruses by
a similar method using a cell line, RTEC-6, derived from same subset for their titers. The chimera PVF-e5 that has
only the AflII– AgeI region of PVC-211 MuLV in the con-rat BCEC (Fig. 2, top). Proviral integration in RTEC-6 cells
was clearly detected for PVC-211 MuLV, but not for F- text of the F-MuLV env gene showed an even higher
level of transduction efficiency than the parental PVC-MuLV, in RTEC-6 cells. The level of proviral integration
of the chimera PVF-L in RTEC-6 cells was comparable 211 MuLV on RTEC-6 cells. Chimeras PVF-e1, -e3, and
-e6, which contain the F-MuLV-derived AflII– AgeI region,to that of PVC-211, whereas that of PVF-N was not.
Among the new recombinant viruses constructed in this showed very poor infectivity on RTEC-6 cells. The point
mutant virus PVF-7-1 showed a considerable level ofstudy, PVF-e2, -e4, and -e5, which have the PVC-211
MuLV-derived AflII–AgeI region of the env gene, showed transduction efficiency on RTEC-6 cells and could belong
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TABLE 1
Structure of Recombinant Viruses in Relation to the Amino Acid Differences between PVC-211 MuLV and F-MuLV Introduced by Nucleotide
Substitutions within the XbaI–BamHI Region
a INT, integrase; SP, signal peptide of the env gene product; SU, SU protein.
b Positions are indicated by numbering the amino acid at the N terminus of each protein as 1.
c A solid box and an open box indicate that the virus has the same amino acid residue as PVC-211 MuLV and F-MuLV, respectively, at the
corresponding position.
to the same subset as PVC-211 MuLV, PVF-L, e2, e4, properties were analyzed on Rat-1 fibroblasts. First, we
examined the susceptibility of the viruses to interferenceand e5, whereas PVF-1-15 whose transduction efficiency
was significantly lower than that of PVF-7-1 (P  0.0040) by PVC-211 MuLV and F-MuLV. The N2 vector pseu-
dotyped by each virus was inoculated to uninfected Rat-could not.
In order to examine whether PVC-211 MuLV and the 1 cells or Rat-1 cells infected with PVC-211 MuLV or F-
MuLV, and the ratio of the virus titer on virus-infectedchimera PVF-e5, which showed a high level of BCEC
tropism, use the same receptor on RTEC-6 cells, we car- Rat-1 cells to that on uninfected Rat-1 cells was obtained
to measure the level of interference (Fig. 4A). For exam-ried out interference assays between these two viruses
(Table 2). PVC-211 MuLV and PVF-e5 clearly interfered ple, the titer of PVC-211 MuLV was reduced by about
200-fold on PVC-211 MuLV-infected Rat-1 cells comparedwith each other, indicating that they use the same recep-
tor on RTEC-6 cells. PVF-e5 appeared to be able to inter- with that on uninfected Rat-1 cells, indicating that this
virus strongly interferes with itself. F-MuLV was suscepti-fere with challenging viruses more strongly than PVC-
211 MuLV. ble to interference by F-MuLV itself as well. However,
interference between PVC-211 MuLV and F-MuLV was
nonreciprocal. Although the titer of challenging F-MuLVNonreciprocal interference between PVC-211 MuLV,
was lowered by PVC-211 MuLV by more than 2000-fold,F-MuLV, and recombinant viruses on Rat-1
the titer of PVC-211 MuLV was reduced by F-MuLV byfibroblastic cells
only about 10-fold. All of the recombinant viruses were
In order to further characterize all of the viruses used also susceptible to interference by PVC-211 MuLV and
their titer was reduced by more than 200-fold (Fig. 4A,in this study for their receptor usage, their interference
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TABLE 2
Interference between PVC-211 MuLV and PVF-e5 on RTEC-6 Cellsa
Challenging virus
PVC-211 MuLV PVF-e5
Interfering virus
No virus 1 1
PVC-211 MuLV 0.02 0.002
PVF-e5 0.004 0.002
a RTEC-6 cells uninfected or chronically infected with PVC-211 MuLV
or PVF-e5 seeded at a density of 105 per 60-mm plate were inoculated
with serially diluted N2 vector pseudotyped with PVC-211 MuLV or
PVF-e5 and then grown in the presence of G418 (400 mg/ml). The
average G418r colony-forming titer was determined from the number
of surviving colonies in duplicate experiments. Degree of interference
FIG. 2. Detection of integrated proviral DNA by hybridization analysis. was indicated by the ratio of G418r colony-forming titer on virus-infected
RTEC-6 (top) or Rat-1 cells (bottom) seeded at a density of 105 per 60- RTEC-6 cells to that on uninfected RTEC-6 cells.
mm dish were mock-infected (Control) or inoculated with PVC-211
MuLV, F-MuLV, PVF-L, N, e1 through e6, 7-1, or 1-15 at a multiplicity
of infection of 1.0. Four days after virus inoculation, high-molecular- typed by PVC-211 MuLV or F-MuLV was inoculated to
weight DNA was extracted and analyzed for the presence of integrated uninfected Rat-1 cells and Rat-1 cells infected with each
viral DNA as described under Materials and Methods. The positions
of the interfering viruses, and the ratio of its titer on virus-of the molecular size markers are indicated to the left.
infected Rat-1 cells to that on uninfected Rat-1 cells was
obtained to measure the level of interference (Fig. 4B).
open triangles). In contrast, they showed different de- The results indicate that all of the viruses tested were
grees (10-fold to 3000-fold) of susceptibility to interfer- able to block F-MuLV superinfection efficiently, reducing
ence by F-MuLV (Fig. 4A, open circles). Next, we tested its titer by at least 2000-fold (Fig. 4B, open triangles). On
the ability of the viruses to interfere with superinfection the other hand, the viruses showed different levels of
by PVC-211 MuLV and F-MuLV. The N2 vector psudo- ability to block PVC-211 MuLV superinfection (Fig. 4B,
open circles). For example, PVF-L and PVC-211 MuLV
inhibited superinfection by PVC-211 MuLV by more than
1000-fold, while PVF-1-15 and F-MuLV reduced the titer
by less than 40-fold. Based on these data, we analyzed
the relationship between the susceptibility of the viruses
to interference by F-MuLV and their ability to block PVC-
211 MuLV superinfection. As shown in Fig. 4C, there
was a clear negative correlation (r  00.86, P  0.0003)
between these two parameters of the viruses tested.
DISCUSSION
Despite their close phylogenetic relationship and re-
markable structural similarity to each other, PVC-211
MuLV and F-MuLV exhibit a significant difference in their
ability to infect BCEC. PVC-211 MuLV can infect BCEC
efficiently both in vivo and in vitro while F-MuLV cannot
(Hoffman et al., 1992; Masuda et al., 1993). Our previous
study demonstrated that there are two viral determinantsFIG. 3. Titers of the N2 vector pseudotyped by PVC-211 MuLV, F-
important for the BCEC tropism of PVC-211 MuLV: (1) aMuLV, and recombinant viruses. NIH 3T3, Rat-1, and RTEC-6 cells
seeded at a density of 105 per 60-mm culture dish were inoculated major determinant within the XbaI–BamHI region con-
with serially diluted N2 vector pseudotyped by each of the viruses and taining the 5* half of the env gene and (2) a supplemen-
grown in the presence of G418 (400 mg/ml). The G418r colony-forming tary determinant within the KpnI–HindIII region corre-
titers of the viruses were then measured by counting the number of
sponding to the 5* one-third of the viral genome (Masudasurviving colonies. The graph shows the log titers of all viruses on NIH
et al., 1993). In this study, we have further dissected the3T3 (open squares), Rat-1 (open triangles), and RTEC-6 cell lines (solid
circles) obtained from duplicate experiments. XbaI–BamHI region for its effects on BCEC tropism by
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FIG. 4. Interference properties of PVC-211 MuLV, F-MuLV, and recombinant viruses on Rat-1 fibroblasts. (A) Susceptibility of the viruses to
interference by PVC-211 MuLV and F-MuLV. Rat-1 cells uninfected or chronically infected with PVC-211 MuLV or F-MuLV were seeded at a density
of 105 per 60-mm plate and inoculated with serially diluted N2 vector pseudotyped by each of the challenging viruses. The cells were then grown
in the presence of G418 (400 mg/ml) to measure the G418r colony-forming titer of each virus. Degree of interference of each virus is indicated by
the ratio of its G418r colony-forming titer on PVC-211 MuLV-infected (open triangles) or F-MuLV-infected (open circles) Rat-1 cells to that on
uninfected Rat-1 cells. The results of duplicate experiments are shown. The challenging viruses were aligned in the order of their mean susceptibility
to interference by F-MuLV. (B) Ability of the viruses to interfere with superinfection by PVC-211 MuLV and F-MuLV. Rat-1 cells uninfected or
chronically infected by each of the interfering viruses were seeded at a density of 105 per 60-mm plate and inoculated with serially diluted N2
vector pseudotyped by PVC-211 MuLV or F-MuLV. The cells were then grown in the presence of G418 (400 mg/ml) to measure the G418r colony-
forming titer of each virus. Degree of interference of each virus is indicated by the ratio of the G418r colony-forming titer of PVC-211 MuLV-
pseudotyped (open circles) or F-MuLV-pseudotyped (open triangles) N2 vector on virus-infected Rat-1 cells to that on uninfected Rat-1 cells. The
results of duplicate experiments are shown. The interfering viruses are aligned in the order of their mean ability to interfere with PVC-211 MuLV
superinfection. (C) Relationship between the degree of interference by F-MuLV and degree of interference with PVC-211 MuLV. Each virus is plotted
according to its mean susceptibility to interference by F-MuLV and mean ability to block PVC-211 superinfection.
using recombinant viruses between PVC-211 MuLV and nant viruses bearing the AflII– AgeI fragment derived
from PVC-211 MuLV were significantly more BCEC-tropicF-MuLV. A cell line, RTEC-6, established from a primary
culture of rat BCEC, which retains differential susceptibil- than the other viruses. The chimera PVF-e5, which has
only the AflII– AgeI region of the PVC-211 MuLV in theity of primary BCEC to PVC-211 MuLV and F-MuLV, was
used for evaluating the BCEC tropism of the viruses. Both env gene, shared receptor specificity with PVC-211 MuLV
on RTEC-6 cells and appeared to be even more BCEC-the hybridization analysis of the proviral DNA and the
vector transduction assay showed that all of the recombi- tropic than PVC-211 MuLV. Therefore, the 138-bp-long
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AflII–AgeI region of PVC-211 MuLV in the context of the differential susceptibility on rat BCEC is intriguing. Our
preliminary results suggest that rat BCEC express a bio-F-MuLV env gene appears to be sufficient for conferring
BCEC tropism on the virus. The AflII–AgeI region of PVC- chemically modified ecoR and that the modification can
be abrogated by treatment of the cells with a metabolic211 MuLV has substitutions of five nucleotides compared
with the corresponding region of F-MuLV, and two of inhibitor 2-deoxyglucose (Hanson et al., manuscript in
preparation). Thus, compatibility between the SU proteinthem result in the substitution of amino acids in the SU
protein (from Glu116 and Glu129 in F-MuLV to Gly and Lys and the modified ecoR may be crucial for infection of
BCEC by ecotropic MuLV.in PVC-211 MuLV, respectively). Since the effect of this
region detected by the vector transduction assay should A recent study has shown that the Trp102-to-Gly substi-
tution in the SU protein of F-MuLV (clone FB29) generatesbe trans-acting, it is most likely that these amino acid
substitutions rather than the nucleotide changes are re- a virus, TR1.3 MuLV, which causes syncytium formation
of mouse BCEC (Park et al., 1994). However, this substitu-sponsible for BCEC tropism.
Although a point mutant virus, PVF-7-1, which contains tion appears crucial for induction of cell fusion rather
than BCEC tropism because infection of chimeric virusesonly the Glu116-to-Gly substitution, was able to transduce
RTEC-6 cells with the N2 vector relatively efficiently, the encoding the same SU protein as F-MuLV (clone FB29)
was also detected in mouse BCEC in vivo (Park et al.,level of proviral integration detected by hybridization
analysis was very low. A second point mutant virus, PVF- 1994). We also observed that clone FB29 of F-MuLV can
transduce RTEC-6 rat BCEC with the N2 vector at a con-1-15, which has only the Glu129-to-Lys substitution in the
F-MuLV SU protein, failed to exhibit BCEC tropism by siderable level (Hanson et al., manuscript in preparation).
Since F-MuLV (clone FB29) has Glu at both positions 116either assay. Therefore, it is possible that substitution of
only one amino acid is insufficient to confer BCEC tro- and 129 of the SU protein (Perryman et al., 1991), but not
Gly or Lys, there may be more than one way of conferringpism comparable to that of PVC-211 MuLV and that the
combined effect of Gly116 and Lys129 is crucial. Although BCEC tropism on ecotropic MuLV.
Interference studies of the recombinant viruses on Rat-additional studies are necessary to explain the apparent
discrepancy in the results of PVF-7-1 in the two assays, 1 fibroblasts also revealed significant effects of subtle
changes within the N-terminal half of the SU protein onit is possible that different experimental conditions used
in these assays are responsible. For example, G418 was virus–receptor interaction. Tested viruses showed vari-
ous degrees of susceptibility to interference by F-MuLVused in the N2 vector transduction assay but not in the
hybridization analysis. Since it has been shown that G418 and different degrees of ability to block PVC-211 MuLV
superinfection. These parameters negatively correlatedcan affect cell surface expression of membrane proteins
(Gupta et al., 1988), it is possible that G418 alters confor- with each other, revealing nonreciprocal interference be-
tween some viruses on Rat-1 cells. These results suggestmation of the MuLV receptor on RTEC-6 cells so that it
can be used by PVF-7-1. Studies are in progress to test that the tested viruses may have different affinities for
the ecoR expressed on Rat-1 cells. A similar phenome-this possibility.
Figure 5 shows the positions of Gly116 and Lys129 in non was observed for a mutant F-MuLV encoding the SU
protein that lacks its glycosylation sites (Battini et al.,the context of the predicted structural organization of the
PVC-211 MuLV SU protein based on previous analyses 1994). Although this mutant was replication competent,
interference studies revealed that the mutant SU proteinof the F-MuLV SU protein structure (Linder et al., 1992,
1994). Lys129 is localized within structural element II, interacted more weakly with the mouse ecoR than did
the wild-type SU protein. Since PVC-211 MuLV and F-which is thought to play an essential role in receptor
binding (Linder et al., 1994). Gly116 is localized immedi- MuLV interfered with each other reciprocally on mouse
NIH 3T3 cells (unpublished observations), their affinitiesately adjacent to structural element II. Gly116 is also sur-
rounded by preferential proteolytic sites identified by the for the mouse ecoR seem to be comparable to each
other. PVC-211 MuLV derived by passaging F-MuLV inprevious study (Linder et al., 1994), suggesting that this
residue may constitute a flexible hinge region or be ex- F344 rats (Kai and Furuta, 1984) may have undergone
species-specific adaptation, which resulted in a higherposed on the surface of the SU protein molecule. There-
fore, positions of Gly116 and Lys129 in the context of the affinity for the rat ecoR. It is also possible that the nonre-
ciprocal interference between PVC-211 MuLV and F-structural organization of the SU protein strongly suggest
that these residues confer BCEC tropism by affecting MuLV is due to the ability of PVC-211 MuLV to utilize an
alternative receptor in addition to the authentic ecoR.virus–receptor interaction. In other words, the receptor
molecule expressed on BCEC may allow the SU protein Nonreciprocal interference by this mechanism between
other viruses has been previously reported (Chesebrowith Gly116 and Lys129, but not the F-MuLV SU protein, to
utilize it. Since F-MuLV as well as PVC-211 MuLV should and Wehrly, 1985; Miller and Miller, 1994; Rein and
Schultz, 1984; Wilson et al., 1994). For example, superin-be able to use ecotropic MuLV receptor (ecoR) on rat
cells, the molecular nature of the receptor that confers fection of amphotropic MuLV (A-MuLV) is blocked by
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FIG. 5. Positions of amino acid substitutions in relation to the structural organization of the SU protein. Predicted structural organization of the
N-terminal 200 amino acid residues of the PVC-211 MuLV SU protein with structural elements I, II, and III is depicted according to previous studies
on the structure of the F-MuLV SU protein (Linder et al., 1992, 1994). Positions of Gly116 and Lys129 are indicated by larger arrows, and those of
Asn79, Arg80, and Ala84 are shown by smaller arrows. Solid lines linking cysteine residues and arrowheads indicate disulfide bonds and preferential
proteolytic cleavage sites, respectively. N-linked glycosylation sites determined by previous studies (Geyer et al., 1990) are also shown.
10A1 MuLV, while 10A1 MuLV can overcome interference adjacent to structural element II of the SU protein could
contribute to a high affinity for the rat ecoR or ability toby A-MuLV on NIH 3T3 cells and E36 Chinese hamster
cells because 10A1 MuLV can use the gibbon ape leuke- use an alternative receptor. Although the chimera PVF-
e3 was not BCEC-tropic, it was rather resistant to interfer-mia virus receptor in addition to the A-MuLV receptor on
these cells (Miller and Miller, 1994; Wilson et al., 1994). ence by F-MuLV and interfered with PVC-211 MuLV effi-
ciently on Rat-1 cells. This chimera has three uniqueBCEC-tropic viruses used in this study, such as PVC-
211 MuLV, PVF-L, e2, e4, and e5, were generally more amino acids, Asn79, Arg80, and Ala84, introduced by the
BglI–AflII region of PVC-211 MuLV (Table 1), and theseresistant to interference by F-MuLV than non-BCEC-
tropic viruses, suggesting that Gly116 and Lys129 within or residues are localized within structural element I of the
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defects in the lipid anchoring of Thy-1 in lymphoma mutants. ScienceSU protein (Fig. 5). Some or all of these amino acids may
242, 1446–1448.also contribute to the higher affinity for the rat ecoR or
Heard, J. M., and Danos, O. (1991). An amino-terminal fragment of
ability to use an additional receptor. Taken together, the Friend murine leukemia virus envelope glycoprotein binds the
these results are compatible with the possibility that ecotropic receptor. J. Virol. 65, 4026–4032.
Hoffman, P. M., Cimino, E. F., Robbins, D. S., Broadwell, R. D., Powers,structural elements I and II of the SU protein may play
J. M., and Ruscetti, S. K. (1992). Cellular tropism and localization inimportant roles in virus –receptor interaction and have
the rodent nervous system of a neuropathogenic variant of Friendprofound effects on cellular tropism and interference murine leukemia virus. Lab. Invest. 67, 314–321.
properties of ecotropic MuLV. Kai, K., and Furuta, T. (1984). Isolation of paralysis-inducing murine
leukemia viruses from Friend virus passaged in rats. J. Virol. 50,
970–973.
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